Abstract: A novel dual-tone quadrature phase-shift keying (QPSK) optical millimeter (mm)-wave signal generation by frequency nonupling the radio-frequency QPSK signal via an optical phase modulator (PM) without phase precoding is proposed. To enable the generated optical mm-wave signal to resist the fiber chromatic dispersion degradation, the unmodulated −fourth-order and the QPSK-modulated +fifth-order sidebands are abstracted from the generated sidebands, considering the phase periodicity of a QPSK signal. The opto-electrical conversion efficiency is maximized by optimizing the modulation index of PM. An optical mm-wave generator along with a radio-over-fiber link is built, and the eye diagrams, constellations, and BER curves demonstrate that the frequency nonupling dual-tone QPSK optical mm-wave signal performs well. The simulated results agree well with the theoretical prediction.
Introduction
With the rapid increase of the radio access services in recent decades, millimeter (mm)-wave band at higher frequency is becoming a potential option to carry the high-speed access data due to its inherent wider bandwidth available at higher frequencies [1] , [2] . This enables wireless telecommunication at mm-wave band to provide multi-or even tens of gigabit per second mobile data delivery, which has become hot research topic in recent years [3] - [6] . Although some microwave systems have already been used for the fixed wireless access and mm-wave systems are still in development, mm-wave suffers from large propagation loss in the air and metal waveguide, and therefore, the coverage of each base station and its transmission distance are strictly limited [1] , [3] .
Radio over fiber (RoF) technique modulates radio-frequency (RF) signals on the lightwave, distributes over the optical fibers to the remote base station with very low loss, and recovers back to the electrical domain at the receiver; therefore, it has potential to overcome this issue [7] , [8] . Moreover, based on microwave photonics technology, microwave and mm-wave signal processing, such as local oscillator generation [9] ; filtering [10] ; [11] ; true time delay [12] ; RF memory [13] ; and frequency multiplication [14] - [29] , which may be difficult or hard to implement in the electrical domain, can be realized easily with the cheap photonic devices in the optical domain. Because of the low loss optical fibers and the mature photonic devices used in this configuration, the RoF system is regarded as a promising candidate for mm-wave broadband wireless communication in the future.
Using the nonlinearity of electro-optical intensity modulator, photonic frequency multiplication can be realized since the higher order optical sidebands with multiple frequency spacing can be generated with RF signal modulation. Highly stable high-frequency mm-wave carrier is generated with lower frequency clock, and the bandwidth requirement for both optical and electrical devices at the transmitter is reduced greatly [14] - [28] . However, a second optical modulator is required to modulate the transmitted data on the optical mm-wave carrier [14] - [17] . Although the RF signal with binary amplitude or phase data can be transformed to the first-order optical sidebands and is recovered after opto-electrical conversion linearly, the spectral efficiency is low. Advanced vector signal modulation encodes data information onto both in-phase (I) and quadrature (Q) branches of the RF carrier with multiple levels for improving the receiver sensitivity and spectral efficiency. Many RoF systems have been proposed to generate and transmit microwave or mm-wave signal with advanced vector modulation. However, during the electrooptical modulation, multilevel signal carried by the RF carrier suffers the amplitude distortion due to the nonlinearity of optical modulator, and the phase information of the vector signal is multiplexed or cancelled as the photonic frequency multiplication is implemented. To resolve these issues, amplitude/phase predistortion or precoding is required before optical modulation [18] - [29] . In [18] - [22] , RF QAM signals are amplitude-and phase-precoded before optical modulation to generate the frequency-multiplied QAM optical mm-wave signal. In [23] - [29] , the QPSK RF signals are phase-precoded to avoid the phase information loss during frequencymultiplied QPSK optical mm-wave signal generation. However, these make the transmitter complex.
In this paper, considering the phase periodicity of the QPSK signal and the dispersioninduced degradation on the optical mm-wave signal [30] , [31] , we propose a novel QPSK dualtone optical mm-wave signal generation method with frequency nonupling via an optical phase modulator (PM). Since optical modulation makes the −fourth-order sideband of the PM output of the clean the phase information of the driving RF QPSK signal while the fifth-order sideband bears the transmitted QPSK signal perfectly, the two tones are abstracted to form the optical mm-wave signal with frequency nonupling. In this scheme, the phase precoding is unnecessary and the optical mm-wave signal with such spectrum configuration can resist to the degradation of the fiber chromatic dispersion [30] , [31] . To verify the feasibility of the proposed scheme, a photonic generator of the 90 GHz dual-tone QPSK optical mm-wave signal with frequency nonupling is built along with RoF link based on the simulation platform, and the simulation results of the generated optical mm-wave signal and its transmission performance over the SSMFs are presented and analyzed. 
Principle
where n 2 f=4; 3=4; 5=4; 7=4g, ðtÞ ¼ P 1 n¼0 n gðt À nT Þ, gðt Þ is the pulse function with the rectangle outline, and gðtÞ is 1 for 0 t GT and 0 otherwise. The lightwave E 0 ðtÞ ¼ E 0 e j½! o t þ'ðt Þ at ! o is modulated by the RF QPSK signal via a PM with the half-wave voltage of V
Here, we define the modulation index as m ¼ V 0 =V , and 'ðt Þ denotes a stochastic process of the random phase fluctuation. The lightwave output from the PM can be expressed as
Here, J k (m) is the k th-order Bessel of the first kind. For the cases with k ¼ 4q and 4q þ 1, there are expfj4qðt Þg ¼ À1 and expfjð4q þ 1Þðt Þg ¼ Àexpfjðt Þg since ðtÞ 2 f=4; 3=4; 5=4; 7=4g, and therefore, the 4qth-order sidebands carry no signal while the ð4q þ 1Þth-order sidebands bear the right signal; here, q is an integer. Based on this phase periodicity of the QPSK signal ably, if the −fourth-order and +fifth-order sidebands are abstracted from the PM output by a wavelength selective switch (WSS) or an interleaver (IL), the frequency nonupling dual-tone optical mm-wave with one tone carrying the QPSK signal is generated without electrical phase precoding
Since the amplitude of the two tones depends on the modulation index of PM via the Bessel functions of the first kind. According to the Bessel functions in Fig. 2 , as the modulation index m ¼ m 0 ¼ 5:975, namely, V RF ¼ 1:9V , the −fourth order and +fifth order sidebands have equal and relatively larger amplitude while the other sidebands are relatively smaller. The generated QPSK optical mm-wave signal is injected into the fiber link for long distance transmission after power enhancement in the real system. As the generated QPSK optical mm-wave signal is transmitted over the single mode fiber, both tones suffer from the power attenuation and the chromatic dispersion. Since the bandwidth of the QPSK signal on the +5th order sideband is much smaller than the frequency spacing between the two tones and the transmission is not too long in the feeding network, we only consider the dispersion between the two tones while neglecting their inband dispersion [31] . After transmitted over the z-length SSMF, the QPSK optical mm-wave signal becomes
Here, is the optical power attenuation coefficient of the fiber, and ð!Þ is the propagation constant of the lightwave at !. Here we define
Þz and k ¼ À4 and 5, for simplifying the deduction below.
The optical mm-wave signal is detected by a high speed square-law photodiode (PD) and its photocurrent can be expressed as
Since the two tones of the optical mm-wave signal have equal amplitude, the mm-wave photocurrent at 9! m gets maximum for the given optical power, namely, the maximal opto-electrical conversion efficiency. In the real system, when the modulation index is deviated from the optimal value, the opto-electrical conversion efficiency will reduces gradually. From (6), the mmwave photocurrent at 9! m is abstracted for further analysis. If the Taylor expansion of the
is used, the mm-wave signal photocurrent becomes
It can be seen that the generated optical mm-wave signal suffers no amplitude fading and bit walk-off effects [25] . Here, we define the phase noise of the received mm-wave signal as
At the optical back-to-back (OBtB) case z ¼ 0, the phase noise is cancelled out perfectly; Èðt ; 0Þ ¼ 0 since the two tones come from the same laser source and have identical phase fluctuation process. However, as the transmission distance increases, their different time delay, ðt 5 À t À4 Þ, increases and leads to lose synchronization. Therefore, their temporal coherency declines, the phase noise of the received QPSK mm-wave signal increases, and the received QPSK signal degrades.
Simulation Setup and Results
To verify the proposed frequency-nonupling QPSK optical mm-wave signal generation scheme, an optical mm-wave generator along with the RoF link is built with simulation platform, as shown in Fig. 1 . The lightwave from the CW LD at 193.1 THz with the linewidth of 1.0 MHz, as shown in Fig. 3(a) , is modulated by the 10 GHz mm-wave with 2.5 Gbaud QPSK signal via a PM with V ¼ 4 V. The baseband QPSK signal is mapped from a pseudo-random binary sequence (PRBS) with the word length of 2 12 À 1. The QPSK RF signal is amplified to have an amplitude of 7.6 V to assure the electro-optical modulation index be 5.975. The output of the PM includes many tones while the −fourth and fifth-orders sidebands have equal and relatively larger amplitude, as shown in Fig. 3(b) . Here an IL with the frequency spacing of 45 GHz and the bandwidth of 10 GHz is used to suppress the unwanted optical sidebands. After the IL, the optical mm-wave signal consists mainly of two tones with the frequency spacing of 90 GHz, as shown in Fig. 3(c) . The side lobe suppression ratio is larger than 20 dB. The tone at 193.15 THz is broadened since it carries the QPSK signal, while the other tone at 193.06 THz is unmodulated. The generated 90 GHz dual-tone QPSK optical mm-wave signal is amplified to 6 dBm by an Erbium-doped fiber amplifier (EDFA) with the noise figure of 5 dB and is then injected into the fiber link consisting of different length of SSMFs with the attenuation coefficient of 0.2 dB/km, chromatic dispersion of 16:75 ps/nm Á km, dispersion slope of 0:075 ps/nm 2 Á km, and PMD coefficient of 0.5 ps/km 1/2 . At the receiver, the 90 GHz optical mm-wave signal is detected by a square-law PD with the sensitivity of 1 A/W, and the signal-ASE noise, ASE-ASE noise, thermal noise at 10 −20 W/Hz, Gaussian shot noise are included. The two optical tones of the optical mm-wave signal beat with each other and generate the 90 GHz electrical mm-wave bearing the QPSK signal, as shown by the RF spectrum in Fig. 3(d) with the received optical power of −6 dBm at OBtB case. To adjust the optical power injected into the PD, a tunable optical attenuator is used before the PD. It can be seen that the 90 GHz QPSK mm-wave signal is dominant, while the harmonic at 80 GHz, the beating of +4th and −4th-order sidebands, bears no signal with a small magnitude, and the harmonic at 110 GHz is broadened by the signal. However, since these unwanted harmonics are at least 10 GHz away from the desired signal with a much smaller magnitude, their distortion can be suppressed further by the electrical filtering duration the coherent demodulation following. The QPSK mm-wave signal in the photocurrent is coherently demodulated by a 90 GHz mm-wave local oscillator with the electrical bandpass filter at the 3 dB bandwidth of 1.9 GHz. The eye diagrams of I-and Q-branches and the constellation of the received QPSK signal are shown in Fig. 4 with the received optical power of −6 dBm at OBtB case. It can be seen that the generated frequency-nonupling QPSK optical mm-wave signal performs well.
The BERs of the 90 GHz QPSK optical mm-wave signal against the received optical power are calculated at OBtB case and after 20, 40, and 70 km SSMF transmission according to the simulated constellation data [27] , as given in Fig. 5 . It can been seen that the BER increases with the reduction of the received optical power for each case, and the received sensitivity is about −12.3 dBm at OBtB case with the BER of 10 −6 . The transmission penalties are 0.5, 1.8, and 2.4 dB after 20, 40, and 70 km SSMFs transmission, respectively. There is no degradation caused by power fading and bit-walk effects due to the fiber chromatic dispersion. The generated QPSK optical mm-wave signal maintains a good performance, even after 70 km fiber transmission. Since the launch power of 6 dBm is much smaller than the fiber nonlinearity threshold with the transmission distance less than 100 km, the degradation comes mainly from the fiber chromatic dispersion. According to (8) , the phase noise of the received QPSK mm-wave signal increases with the fiber length due to the reducing coherency of the two tones, and it is converted to the intensity noise as the QPSK mm-wave signal is coherently demodulated in electrical domain. This can also be observed from the constellation diagrams at the received optical power of −10 dBm in Fig. 5 . With the increase of the transmission distance, the constellation points are expanded gradually. This is because the accumulated fiber dispersion increases the phase noise, which is perfectly cancelled out at OBtB case. Therefore, the phase noise becomes the dominant factor to limit the transmission distance of the optical mm-wave signal. These simulation results agree well with our theoretical results.
Conclusion
This paper presents a novel frequency nonupling QPSK optical mm-wave signal generation scheme without precoding the driving RF QPSK signal. By properly adjusting the modulation index with the aid of WSS or IL to abstract the desired tones, the QPSK optical mm-wave signal with frequency-nonupling is generated. Since its two tones have equal amplitude with only one bearing the QPSK signal, the QPSK optical mm-wave signal not only has maximized optoelectrical conversion efficiency but a good transmission performance as well. The optical mmwave generator along with RoF link are built based on the simulation platform, and the results demonstrate that the generated frequency-nonupling QPSK optical mm-wave signal performs well according to the eye diagrams, constellations, and BER curves, and the performance degradation after fiber transmission is analyzed. 
